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Introduction
Physicochemical and rheological properties of oils with liquid nature can be modified using structuring agents. Structuring agents are able to create a solid state in oil matrix by forming a 3D network, capable of entrapping oil. Such compounds decrease the induction time of crystallization by intensifying the formation of crystal nuclei (1) . The main advantage of such ingredients is the solidification of liquid oils without a noticeable increase in saturated fatty acids (SFA) and trans fatty acids (TFA) content (2) . Mostly used structuring agents include diacylglycerols, monoacylglycerols (MAGs) (3, 4) , waxes (5), fatty acid and fatty alcohol (6) , lecithin and sorbitan teri-stearate (7) . Among them, MAGs are the most interesting due to their lower price and ability to decrease serum insulin and triacylglycerol (8) . Accordingly, MAGs has been used as structuring agent in the modification of different oils and fats including palm oil (9) , milk fat (10) , palm olein, coconut oil (11) and chicken fat (4) .
Properties of MAG-structured oils are generally different from their initial oils. Bin Sintang et al. investigated the oil-structuring properties of MAGs and phytosterols mixtures and expressed that fats structured using these mixtures had the predominant 
٣٢
solid-like structure (G′>G″) (3). Lupi et al. reported that at MAG concentrations less than 2 wt %, the onset of crystallization increases with the number of saturated components in the fat mixture, whereas at higher MAG concentrations, the onset of crystallization is only dependent on the MAG concentration (12) . Saturated fatty acid content of canola oil is very low (8%), thus this oil can be introduced as salad oil (13) . Having a high amount of oleic acid (around 60%), canola oil is classified among the monounsaturated vegetable oils. This oil has a relatively high content of tocopherols (700-1200 mg/kg), mainly  and -tocopherols (13) . These characteristics make it desirable in terms of both oxidative stability and low saturated fatty acid content. However, due to its liquid state, canola oil could not be used directly in the production of fat products such as margarine or shortening. On the other hand, the effect of MAGs on properties of canola oil has not been investigated, yet. Thus, in the present research, we evaluated the effects of MAGs as structuring agent on microstructure, rheology and physicochemical properties of canola oil. Results of this study may be helpful in the development of low saturated fat products from structured canola oil.
Materials and Methods

Material
Refined, bleached and deodorized canola oil with traditional name of Kimball (Koorosh Co, Iran) was purchased from a local market in Tehran (Iran) and stored at refrigerator (5 °C) until used. MAGs (composed of 90-95% 1-MAG, 3-5% 2-MAG, 2-4% DAG, less than 1% glycerol, and free fatty acids) with the commercial name of BLANID DMAG 1600 was purchased from Farzan Rad Co. (Tehran, Iran). Other chemicals were obtained from Merck Co. (Darmstadt, Germany). Sample Preparation: MAG was dissolved in canola oil at 60°C with slow agitation and stored in a refrigerator until analysis. Before analysis, samples were melted at 60 °C (4). Fatty Acid Profile Analysis: According to the American Oil Chemists' Society (AOCS) (14) Ce 2-66 method, Fatty acid methyl esters were prepared, subsequently analyzed by a Trace GC (Yanglin, South Korea) as described by AOCS Ce 1-91 method (14) . A BPX-70 capillary column (60 m × 0.25 mm ×0.25 mm, Restek, Bellefonte, PA, USA) and a flame ionization detector, was used to resolve and detect fatty acid methyl esters. A split ratio of 1:80 was used for Injection. Nitrogen with a flow rate of 0.8 ml/min was applied as a carrier gas. Initially, the oven temperature was set at 175 °C for 30 min, subsequently programmed to rise to 200°C with the rate of 1.5°C /min. The detector temperature was 250°C. Iodine Value: Iodine value (IV) was determined computationally according to the AOCS official method Cd 1c-85 (14 . Images were taken at 5X magnification (4). Rheological Analysis: Dynamic temperature sweep tests (using a temperature ramp from 10 to 50 °C with a rate of 1 °C/min at a constant frequency of 1 Hz) were performed to obtain storage modulus (G'), loss modulus (G"), complex modulus (G*), damping factor (tan δ, G"/G′) and complex viscosity. For all samples, concentric cylinder (CC27-SN16194; d=0 mm) geometry was applied and the critical temperatures were determined by using the Anton Paar Rheoplus software (Rheo-plus/32V3.21, AntonPaar, GmbH, Graz, Austria) (17) .
Statistical Analysis
To analyze the data using SPSS version 16.0 (SPSS Inc. Chicago, IL, USA), One-way ANOVA was used. Significant differences were determined using the Duncan test at P< 0.05. All data were shown as mean value ± standard deviation of triplicate experiments.
Results
Chemical properties: Fatty acid compositions of canola oil samples structured by MAGs and control are presented in Table 1 . MAG addition in the concentration of 0.5% could not increase the SFA content of canola oil; however, samples structured by 3 or 5% MAGs showed an increased SFA content (P< 0.05).
The unsaturation of oils is quantitatively calculated by IV, showing an increase with the increase of unsaturated fatty acids. As presented in Table 1 , the IV of the structured oils with 3 or 5% MAGs decreased significantly (P< 0.05). As reported for SFA content, there was no significant difference between the IV of a sample containing 0.5% MAGs and canola oil (P< 0.05). Physical properties: SFCs of samples at 10, 20, 30, 40 and 50 °C are shown in Table 2 . As can be seen, canola oil had no SFC at all measured temperatures. MAG-structured canola oil samples present increased SFC (proportional to the MAG content) in comparison with the canola oil.
The SMPs of structured fats are mentioned in Table 2 . As shown in this Table, MAGs at 0.5% concentration did not have any effect on SMP of canola oil. However, at higher concentrations, the MAGs were able to increase the SMP of samples (P< 0.05).
Considering the crystallization properties, canola oil and the sample with 0.5 % MAGs did not crystallize at the measured temperatures. However, structured fats containing 3.0 or 5.0 % were rapidly crystallized at 25 and 35 °C (Fig.1A, B ). Structured fat with 5.0 % MAGs crystallized even at 45 °C whereas the concentration of 3.0 % MAGs could not emerge any crystal nuclei at such a temperature (Fig.1C) . MAGs accelerated the onset and rate of crystallization as the sample containing 5 % MAG crystalized more rapidly than that of containing 3 % MAG. Using the modified Gompertz equation (Eq. 1, 2, 3), the IP cryst and crystallization rate of samples were calculated ( Table 3 ). As shown in Table 3 , IP cryst decreased and crystallization rate increased at all temperatures as MAG concentration increased.
Visual appearances of structured canola oil are presented in Fig.2 . For this purpose, samples were melted at 80 °C and subsequently crystallized for 2 h at room temperature (about 25 °C). As can be found from Fig.2 A, while the canola oil is liquid, structured fats with 3.0 or 5.0 % MAGs have solid texture and do not flow by inverting test tubes. However, MAG addition at the 0.5 % concentration could not create a solid state into the canola oil; it only emerged a few crystal nuclei. Polarized light microscopy (PLM) was used to observe the microstructure of structured fats. The fat microstructure is affected by its composition and crystallization regime. As shown in Fig. 3 , at lower temperatures, the number and size of clusters are increased and decreased, respectively. In fact, fat crystals do not have enough time to grow more at lower temperatures, thus decreasing cluster size and increasing cluster number. Canola oil with the liquid state had no crystals at all the measured temperature (as also reported for SFC data). Adding MAGs at 0.5 % concentration increased somewhat the crystallized fat at 25 °C; however, no crystal was observed at 40 °C, yet. The increase of MAGs concentration leads to a denser structure with higher amounts of crystallized fat at all the measured temperatures. Crystalized samples containing 3 or 5 % MAGs, showed crystal shape at 40 °C; however, the number of crystals was lower compared to the lower temperatures. 
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Rheological properties: In temperature sweep test, the rheological properties of the product are described as a function of temperature at a fixed frequency. The changes in G′, G", Tan δ, G * and η* moduli of structured fats at 10-50 °C are shown in Fig.4 .
As can be seen in Fig. 4A , MAG addition to canola oil caused an increase in both elastic modulus (G′) and viscose modulus (G"). The G" and G′ moduli curves of the sample containing 5.0 % MAGs were closer to each other than those of the sample containing 3 % MAGs. Tan δ curves of MAG-containing samples are presented in Fig.4B . As shown in Fig.3B , structured canola oil samples showed a constant tan δ at around 10 to 20 °C, but increased thereafter.
As can be seen in Fig.3C , the addition of MAGs led to the increase of complex modulus (G*) of structured fats. In fact, with the increase of G" and G′, the G* increased markedly.
As shown in Fig.4C , MAG addition to the canola oil increased the complex viscosity (η * ) as observed for G", G′ and G*.
Discussion
The increase in the SFA of structured fats could be explained by the high SFA content of the added MAGs (99.5%, Table 1 ). This result was not in accordance with that of Maruyama et al. (11) . They reported that the addition of MAGs at a concentration of 1 or 3% could not alter the SFA content of palm olein and coconut oils. Such opposite results could be explained by the differences between the fatty acid compositions of MAGs and also the MAGs content applied in the two studies. Maruyama et al. (11) in their research used two kinds of MAGs (EM1 and EM2). The SFAs of EM1 and EM2 were 24.9 and 99.7, respectively.
MAG addition decreased the IV of samples by an increase of their SFA content (Table 1 ). This finding was not accordance with the Maruyama et al. (11) . Their research indicated no significant difference in IV as added EM1 and EM2 to palm olein and coconut oil. Such opposite results could be explained by the percentage of added MAGs and also the different SFA of applied MAGs. In terms of IV and the fatty acid composition of structured canola oil, it could be concluded that the MAGs impact on oil is strongly dependent on its SFA and the fatty acids composition of oil as added by MAGs.
SFC determines the hardness of fats at temperatures lied between refrigerator and month temperature. In fact, MAGs increase the SFC of the sample by improving the crystal network formation. As shown in Table 2 , with the increase of the MAG concentration in samples, SFC resistance to temperature was enhanced (P< 0.05). Our finding indicated that MAGs, due to having high SFA are able to increase the SFC of canola oil. In this context, Mardani et al. (18) reported that palm olein partial acylglycerols (composed of 3.5-11.2% MAGs and 39-42.2% DAGs) had higher SFC than palm olein. Foubert et al. (10) also expressed that adding MAGs at a concentration of 0.5%, were not able to increase the SFC of milk fat.
As mentioned before, samples having higher MAG concentrations showed higher SMPs ( Table 2) . The SMP increase can be attributed to the higher SFA content and the formation of crystalline networks as result of MAGs addition. In fact, the melting point of acylglycerols increases as the degree of esterification decreases. This may be due to the ease of fatty acid chain arrangement and the strength of the hydrogen bonding of the hydroxyl groups (19) . In addition, the free hydroxyl groups of MAGs are able to form a crystal network via hydrogen bonds and trap the liquid phase in the network (1, 20) .
As shown in Fig.1 , under the isothermal condition, crystallization curves of structured fats show three separate phases containing lag, exponential and stationary phase. The lag phase, the time needed for a fat solution to nucleate, shows the induction period of crystallization (IP cryst ); the exponential phase indicates the rate of nucleation; finally, the stationary phase at which the number of crystal nuclei is not increased anymore, shows the max crystalline fat achievable at a given temperature. These results indicate that the MAGs act as a driving force of crystallization (20) . In fact, MAGs, throughout heterogeneous nucleation, acts as a foreign nucleating site; therefore, it is able to decrease the time needed for nucleation. Although the exact mechanisms of heterogeneous nucleation are not understood, it is said that the interactions at the interface between the supersaturated fluid and the solid particle results in a local ordering of the molecules of the crystallizing species; thus, the energy needed for the formation of the stable nucleus is decreased (21) .
PLM is a well-known method to visualize the crystal seeds of fats (22) . Fat crystals are bright between two crossed polarized filters due to having the birefringence, whereas the oils with the state of thoroughly liquid present a dark sheet. With the intensifying of crystallization mechanism by MAGs, structured fat had denser texture compared to canola oil (having totally liquid nature) as result of an increase in SFC (Fig. 2 and 3 
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resulted in more crystal number and more resistance to the temperature effects. G" and G′ are measures of the energy dissipated and the energy stored in a material, respectively, in which a deformation has been imposed (23) . These results evidenced that at higher concentrations of MAGs, G′ modulus increases more. The G" and the G′ moduli of structured fats decreased with the increase of temperature (Fig.4 A) , this may be due to the formation of stronger crystal networks. This trend was slower for the fat containing higher MAG content. A similar situation was also observed for SFC curves. Such results were also observed by Lupi et al. (12) for MAG-containing olive oil.
Tan δ is the ratio of viscous (G") to elastic modulus (G') (23) . The value of δ lies between 0° and 90°. δ is equal to 0° for a completely elastic material and 90° for a purely viscous liquid. There are some values of the δ between 0° and 90° for viscoelastic lipids, showing both viscous and elastic properties. The decrease of tan δ values (tan δ <1) is indicative of a transformation from a liquid-like behavior to a more solid-like behavior. In fact, the increase in temperature caused the G" modulus to be increased, therefore, tan δ decreased and the liquidlike behavior overcame. Because of lack of G′ modulus (being ideal viscose) in canola oil, tan δ could not be calculated for that (Fig.4B) . The cross over phenomena which is the temperature at which phase transition occurs (tan δ become more than 1), was only seen in the sample containing 5 % MAGs. Such a result can be attributed to the higher G′ modulus and SMP of structured fat containing 5 % MAGs than those containing 3 % MAGs.
The complex modulus (G * = (G ′ ) + (G ′′ ) ) of structured fats is illustrated in Fig.4C . The overall resistance to deformation (total rigidity) of a material is measured by G* (23) . In other words, the increase of MAG concentration causes an increase in fat hardness (total rigidity). η * is mathematically calculated as the complex modulus divided by angular frequency (23) . η * presents the total resistance of a material to flow. In fact, MAGs led to the decrease of the fluidity (an increase of the hardness) of structured fats by enhancement of crystal network formation. Findings of G* and η * can be attributed to the SFC increase of structured fats.
In fact, greater SFC led to an increased hardness of fats. The samples with the higher G* and η * had the denser structure (as can be found from PLM image). These results are in agreement with those of Lupi et al. (12) who worked on MAG-structured olive oil.
Technological Applications of Structured Canola
Oil: Structured canola oil can be used in the production of some fatty products. To investigate the application of structured fats, we compared the SFC curve of MAG-added fats with that of various types of margarines and shortenings mentioned in the literature (21, 24) . Fats containing 3.0 or 5.0 % MAGs can be used as liquid margarines. Liquid margarines have advantages such as convenient storage and pumping due to their high content of unsaturated fatty acids (24) . Moreover, when used in bakery product formulation, the MAGs (from the structured oil) can form complexes with the amylose fraction of starch resulting in the production of a product with softer crumbs and longer shelf life (21) .
In the product such as a cookie, MAGs can increase the firmness of dough (25) . MAGs are also able to prevent phase separation in oils and fats with relatively high SFA content like palm oil, chicken fat and vanaspati. Naderi et al. (4) reported that MAG application at 0.5 % (w/w) concentration could prevent phase separation in chicken fat. Totally, because of the formation of self-assembly networks by MAGs, structured fats have low SFA content and offer comparable quality characteristics to fats containing greater SFA contents (1, 4) .
Conclusion
MAGs at 0.5% concentration, could not affect the fatty acid composition, IV, FFA, SMP, IP cryst and crystallization rate of canola oil. At 3 or 5% concentration, the effect of MAGs on SFA content, IV, SMP, SFC, IP cryst and crystallization rate increased proportionally to the MAG content. Evaluation of rheological properties indicated that in spite of the decrease of tan, other properties including G', G'', G * and η* increased. Microstructure images (by PLM) confirmed the increase of crystal content by MAG addition. Canola oil structured with MAGs, can find application in the production of liquid margarines and fat products suitable for the use bakery.
